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Abstract: The Al-Si-Mg alloy which can be strengthened by heat treatment is widely applied to the key components of acrospace and
aeronautics. Iron-rich intermetallic compounds are well known to be strongly influential on mechanical properties in Al-Si-Mg alloys.
But intermetallic compounds in cast Al-Si-Mg alloy intermetallics are often misidentified in previous metallurgical studys. It was
described as many different compounds, such as AlFeSi, AlgFe,Si, Als(Fe,Mn);Si, and so on. For the purpose of solving this problem,
the intermetallic compounds in cast Al-Si alloys containing 0.5% Mg were investigated in this study. The iron-rich compounds in
Al-Si-Mg casting alloys were characterized by optical microscope (OM), scanning electron microscope (SEM), energy dispersive X-ray
spectrometer (EDS), electron backscatter diffraction (EBSD) and X-ray powder diffraction (XRD). The electron backscatter diffraction
patterns were used to assess the crystallographic characteristics of intermetallic compounds. The compound which contains Fe/Mg-rich
particles with coarse morphologies was AlgFeMg;Sig in the alloy by using EBSD. The compound belongs to hexagonal system, space
group P62m, with the lattice parameter a=0.662 nm, ¢=0.792 nm. The B-phase is indexed as tetragonal Al;FeSi,, space group [4/mcm,
a=0.607 nm and ¢=0.950 nm. The XRD data indicate that AlgFeMg;Sis and Al;FeSi, are present in the microstructure of Al-7Si-Mg
alloy, which confirms the identification result of EBSD. The present study identified the iron-rich compound in Al-Si-Mg alloy, which
provides a reliable method to identify the intermetallic compounds in short time in Al-Si-Mg alloy. Study results are helpful for
identification of complex compounds in alloys.
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Moreover, the Al-7Si-Mg alloy is a heat treatable alloy

1 Introduction

Some of the most important industrial aluminum casting
alloys are found in the Al-Si system. The addition of Mg
makes the Al-Si alloy heat treatable. The Al-7Si-Mg alloy
which can be strengthened by heat treatment is widely
applied to the key components of aerospace and aeronautics
mainly due to the combination of high strength and
excellent casting properties'' . However, some mechanical
properties of the Al-7Si-Mg cast alloy, in particular,
ductility, toughness, corrosion resistance and fatigue
resistance, are affected by the morphology and distribution
of the second phases.

Some of the iron-rich intermetallic compounds are
associated with reduced mechanical properties. For
example, the elongation of the Al-7Si-Mg casting alloy
reduced from 7.0 to 3.0% as the content of iron increased
from 0.17 to 0.60%°.
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because magnesium is added to induce age hardening
through precipitation of Mg-Si particles during heat
processing’l. But the melting point of iron-rich
intermetallic compounds is lower than the eutectic
temperature of the Al-7Si-Mg alloy, which will cause
overburning during heat treatment™ and reduce the
mechanical properties distinctly. So the iron-rich
intermetallic compounds are detrimental to mechanical
properties of the Al-7Si-Mg alloy. It would be of great
siginificance to accurately identify the iron-rich
intermetallic compounds in the Al-7Si-Mg alloy.

Morphology, X-ray diffraction (XRD), convergent beam
electron diffraction (CBED) and transmission electron
microscope (TEM) have been used to identify the iron-rich
intermetallic compounds. Eectron backscatter diffraction
(EBSD) /scanning electron microscope (SEM) analysis
have many vantages of the optical microscope (OM) and
the TEM™ '’ It can provide an overall indication of the
iron-rich  intermetallic compounds and show the
crystallographic orientation that is important for explicit
identification of the iron-rich intermetallic compounds in
alloys'"".
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The coarse iron-rich compounds were described as many
different compounds in previous studys® ' > It is clear
that there is a poor understanding of the coarse iron-rich
intermetallic compounds in Al-7Si-Mg casting alloys, even
though the intermetallic compounds have a pronounced
influence on properties. Therefore, accurate identification
of the coarse iron-rich compounds in Al-7Si-Mg casting
alloys is important because of the disagreement on the
indentificaion of the intermetallic compounds.

In previous study, EBSD was applied to determine the
eutectic Al-Si phase formation mechanism, through
comparing the orientation of the aluminum in the eutectic
to the orientation of the surrounding primary aluminum
dendrites  using  automated  crystal  orientation
mapping!> ¥,

EBSD is also a useful technique for the identification of
a micro-size phases because the electron backscattering
patterns can be obtained from the individual particles.
Exploiting the excellent imaging capability, EBSD can
provide identification of unknown crystalline phases. In
present study, the different iron-rich intermetallic
compounds in Al-7Si-Mg casting alloy were observed and
identified by SEM/EBSD.

2 EBSD and XRD experiment

2.1 Preparation of experimental material
The initial target chemical composition after all additions
of the Al-7Si-Mg alloy is given in Table 1. The alloy was
melted in an electric resistance furnace and the temperature
of the melt was kept at 730 °C. Prior to pouring, the molten
metal was degassed using C,Clg for 15 min to reduce the
hydrogen content. The melt was poured at about 720 °C
into a sand mould.
Table 1. Chemical composition and mass fraction of
Al-7Si-0.5Mg alloy

Alloy Element Si Mg Fe Ti Mn Cu Al

Mass fraction w/% 7.1 0.5 0.08 0.18 <0.01 <0.01 Bal

2.2 Sample preparation for EBSD/SEM analysis

Then the metallographic specimens were prepared for
EBSD/SEM analysis. In this study, specimens were
10 mmX10 mmX3 mm and mounted in the bakelite.
Sample preparation is the key factor to obtain good quality
EBSD patterns since EBSD is very sensitive to surface
condition. The diffraction pattern signal comes from the top
few nanometer, and any residual surface deformation
introduced during the preparation must be minimized "\

2.3 Identification of the intermetallic compounds by
EBSD/SEM analysis

The samples were analyzed by OM, a HITACHI S-3400

SEM equipped with a GENESIS energy dispersive X-ray

diffraction detector system (EDS) device, and EDAX TSL

OIM EBSD system. In this study, the sample stage was
pre-tilted 70° required for EBSD pattern acquisition and the
acceleration voltage of SEM was 25 kV.

A general identification procedure carried out by
EBSD/SEM can obtain a SEM image and EDS spectrum of
an interesting particle, and then tilt to the 70° orientation
required for EBSD pattern acquisition with keeping the
same particle in view field during the tilting. The EBSD
patterns of more than 30 different points of the interesting
coarse and plate-like particles in the alloy were obtained
and identified respectively.

2.4 XRD experiment

The compound and structural characterization of the
Al-7Si-Mg alloy were obtained by X-ray powder
diffraction (powder diffraction) of 40 kV Cu Ka radiation
(Rigaku D/MAX 2500V). The XRD scan range was from
20° to 90° with a step size of 0.02°.

3 Results and Discussion

3.1 Metallographic analysis

Optical micrograph of the alloy is shown in Fig. 1. A
coarse lamellar eutectic silicon structure is observed. The
fishbone-like Mg,Si phase, bulky m-phase and plate-like
B-phase are observed in Fig. 1(b). The coarse m-phase
particles are found at primary aluminum dendrite
boundaries. And some plate shaped B-phase particles exist
along eutectic colony boundaries.
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Fig. 1. Morphology of the Al-7Si-Mg samples

3.2 EBSD analysis

In ordr to identifing the intermetallic compounds, there
are three things to be done. Firstly a SEM image of an
interesting particle was obtained. Secondly EDS analysis to
confirm the phase was performed. Finally the EBSD
pattern was acquired and analysed.

The locations of iron-intermetallic particles within the
samples can be determined easily by morphology
observation as well as the EDS analysis results. The SEM
image and X-ray mapping of the microstructure
intermetallic compounds in the alloy are shown in Fig. 2.
EDS analysis of the bulky m-phase particle revealed the
presence of iron, manganese, aluminum and silicon, and the
plate shaped B-phase exhibited the aluminum, silicon and
iron characteristic peaks.

2. t-phase

1. p-phase

(a) SEM

(b) Al

(¢) Si

(d) Mg

(e) Fe

Fig. 2. SEM image and EDS mapping of the t-phases

The EBSD is an appurtenance of SEM technique
allowing the crystallographic orientation to be determined
locally in the point where the electron beam is positioned.
The EBSD was indexed by software and the orientation
dates were stored on a computer. The crystallographic data
(atomic positions, space group, etc.) of intermetallic
compounds were listed in Pearson’s Handbook containing
Al-Si, Al-Mg, Al-Si-Fe and Al-Si-Fe- Mg as possible
phases. Before indexing a specific phase, the
crystallographic data were adopted in the TSL OIM Data
Collection 5.0 software databases. The simulation of the
phase and a preliminary indexing of the Kikuchi patterns
were performed through the data.

EBSD patterns contain a large amount of information
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about the crystal structure of the phase. The information
can determine the space group of the phase from the
symmetry elements contained in the pattern. EBSD patterns
also contain higher order Laue zone rings (HOLZ) which
have been used to accurately measure lattice plane spacing
and have also been used to determine the reduced unit cell

of the phase!'”).
Contrary to the results of previous study on similar
intermetallics™'®”,  each  of these representative

experimental EBSD patterns was found to be consistent
with hexagonal AlgFeMg;Sis, with space group P62m and
lattice parameter ¢=0.662 nm, ¢=0.792 nm. Fig. 3 is the
EBSD/EDS/SEM  study of the =n-phase indexed as
AlgFeMg;Sig with EDAX-TSL in the alloy. Firstly the
morphology of coarse m-phase particle was obtained by
SEM (Fig. 3(a)), and EDS spectrum for m-phase particle is
shown in Fig. 3(b). Then the representative experimental
EBSD pattern of the n-phase was gained by using EBSD
(Fig. 3(c)). Fig. 3(d) and Fig. 3(e) illustrate the identifica-
tion of Kikuchi lines, and Fig. 3(f) is the identification of
the Kikuchi line pairs. Fig. 3(g) and Fig. 3h show the
EBSD pattern and the crystal structure of the n-phase with
TSL-OIM simulations under the same orientation.

In previous study, the plate-shaped phase was also
identified as many different compounds. In this present
study, EBSD patterns of the B-phase are consistent with
tetragonal Al;FeSi,, space group 14/mcm, ¢=0.607 nm and
¢=0.950 nm though the EBSD patterns of B-phase that is
not depicted. And the B-phase was also investigated by
XRD to confirm the results.

(a) SEM image
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(b) EDS spectrum

(c) Representative experimental EBSD pattern

(d) Identification of Kikuchi lines
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(g) EBSD pattern of n-phase with TSL-OIM simulations

(h) Crystal structure of n-phase with TSL-OIM simulations

Fig. 3. EBSD/EDS/SEM study of the n-phase indexed as
AlgFeMg;Sis with EDAX-TSL simulations

3.3 XRD analysis

The calculated intensity y; are determined by summing
the contributions from neighboring Bragg reflections for all
phases, plus the background. The modified formula of the
Rietveld method is expressed as

Vo= Sr{ZpSpAb (s

’ 26, -26,) ALF :|}1> + ybi} 5
()

K

where y.—Calculated intensity,
Sy—Scale factor for phase P,
S—Function to model the effects of surface
roughness,
Ay—Absorption factor,
F;—Structure factor,
p—Reflection profile function,
Lq—Lorentz, polarization and multiplicity factors,
Py—Preferred orientation function,
ywi—Background intensity.

From Eq. (1), the weight fraction for each phase is
related to the scale factor Sp. Therefore, the weight fraction
for each phase can be calculated by using the relation of
weight fraction and scale factor.

The program calculates weight fraction for each phase
refined, on the assumption that phases refined account for
100% of the specimen, via the following relation:

S, M),

L Ys),” @

where p—Value of i for a particular phase in » phases,
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Si—Refined scale factor,
M—Weight of the unit cell in atomic weight units,
V—Volume of the unit cell.
In this study, the R, factor is used to verify the Rietveld
method:

1/2

Z:I/Vi(yei_yv:i)2
R — i
v Z:I/Vi(yei)2

€)

where y.—Experimental intensity of 26,
y.i—Calculated intensity of 26;,
W—Weight factor.

In an ordinary condition, the refinement result is
considered to be reliable when R, reachs about 10%.

The Rietveld refinement of phases was performed by
using the DBWS9807 program®®. The Pseudo-Voigt
function was used for the simulation of the peak shapes.
The DMPLOT view program™! was used to follow the
refinement results. The indexed results were used as the
starting lattice parameters. A total of 41 parameters were
refined, including scale factor, coefficients for the
polynomial function describing the angular variation of the
background (5 parameters), lattice parameters, full width at
half maximum, preferred orientation, atomic coordinates,
site occupancy and so on were refined.

The X-ray powder diffraction diagram after refinement
of the alloy is shown in Fig. 4. By using quantitative XRD,
the volume fraction results are listed in Table 2. XRD data
indicate that AlgFeMg;Sis and Al;FeSi, are present in the
microstructure of Al-7Si-Mg alloy.

All reflections of the m-phase are adequately indexed as
hexagonal AlgFeMg;Sig, space group P62m, with the lattice
parameters ¢=0.662 nm, ¢=0.792 nm, and the R, is 7.17%.
The B-phase was indexed as tetragonal Al;FeSi,, with space
group I4/mem, a=0.607 nm and ¢=0.950 nm. And the R, is
7.29%.

The structures of iron-rich compounds have been
determined to comfort the results of EBSD/SEM by
Rietveld refinement of X-ray powder diffraction data.

Table 2. Volume fraction of phases in the test alloy

Phase Al Si Mg,Si AlsFeMg;Sis Al;FeSi,
92.93 6.18 0.64 0.14 0.11

Volume fraction v/%
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Fig. 4. Results of the Rietveld method: Experimental (dot) and
calculated (continuous curve) patterns of the sample

The difference profile is shown at the bottom of the Fig.4: vertical markers
at the bottom indicate the position of the calculated Bragg reflections.

3.4 Discussion

The Fe element can not be found by EDS in the Al
dendrites of the alloy. Almost all the iron, therefore, is
incorporated into the intermetallic compounds, because the
iron saturability of Al solution is low, only 0.05%.

Identification of iron-rich intermetallic compounds by
their morphology is inaccurate because the morphology of
iron compound in Al-Si alloys is various. Also, EDS and
XRD results are not su cient for identification of phases.
Therefore, most of the studies claiming to have identified
iron-rich intermetallic particles as some specific compound
solely by morphology and/or  semi-quantitative
compositional analysis were partially incorrect at least. In
previous study, the intermetallic compounds have been
described as many different compounds, such as AlFeSi'"!,
AlgFe,Si, Als(Fe,Mn)3Si2[8] and so on. The morphology of
iron compound can be improved by melt superheating,
increasing cooling-rate, adding trace elements and so on. In
the recent KRAL’s work!'"* ' the bulky compound is
consistent with cubic Aly(Mn,Fe)sSi, designated as by
SEM/EBSD and TEM/CBED because they added Mn into
Al-Si alloys in order to change needle-like iron compound
into Chinese scripts or other better shapes.

In present study, the different iron-rich intermetallic
compounds in Al-7Si-Mg casting alloy were observed and
identified by SEM/EBSD. The X-ray powder diffraction
(XRD) experiment confirmed the EBSD results. The
combination with SEM, EDS and EBSD provides a reliable
method to identify the intermetallic compounds in short
time.

4 Conclusions

(1) The crystal structures of iron-rich intermetallics
commonly designated as m-phase and [-phase were
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obtained with SEM via EBSD and affirmed by XRD
experiment.

(2) The m-phase is adequately described as hexagonal
AlgFeMg;Sis, space group P62m, with lattice parameter
a=0.662 nm, ¢=0.792 nm.

(3) The B-phase is indexed as tetragonal Al;FeSi,, space
group I4/mcm, ¢=0.607 nm and ¢=0.950 nm.

(4) The XRD data indicate that AlgFeMg;Sis and
Al;FeSi, are present in the microstructure of Al-7Si-Mg
alloy, which confirms the identification result of EBSD.

(5) EBSD in the SEM provides a reliable method to
identify the intermetallic compounds in short time.
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